Genetic research on the interactions of temperate tree hosts with pests and pathogens, and breeding for resistance or low susceptibility, are hindered by the long generation time and large size of tree species. Foresters need to be quick to exploit new technologies that may accelerate research and breeding programmes, and opportunistic in gaining maximum use from existing experimental tree plots. A fruitful approach may be to apply new genomic methods to the analysis of established provenance and progeny trials, seed orchards and clonal archives, where screening for pests and pathogens may occur. An important test case of this approach is underway in Britain with respect to ash (Fraxinus excelsior L.) and the search for resistance to the dieback caused by Hymenoscyphus fraxineus (T. Kowalski) Baral, Queloz, Hosoya, comb. nov. This review examines: (1) the use of field trials for pathogen and pest resistance in forest trees, (2) how field trials may support the application of genomic technologies to tree health issues, (3) the extent of the field trial resource in Britain, (4) issues that constrain the use and maintenance of field trials, (5) an outline of possible experimental designs, (6) the use of natural systems and (7) funding of long-term trials. Application of the latest technologies may be critically dependent on the availability of welldesigned and maintained, long-term, field trials that produce invaluable resources and results for decades.
Introduction
Britain is facing increased threats to its woodlands, trees and forestry interests due to an influx of tree pests and pathogens (Brasier, 2008; Boyd et al., 2013; Gilligan et al., 2013) . The level of societal response to a disease or pest is usually related to both the severity of the problem (often reflected in the extent of tree mortality) and the perceived economic or cultural importance of the tree species affected. Therefore, the intensity of research effort (e.g. screening for resistance, field and greenhouse trials and development of molecular tools) is not the same for all tree health threats. Past research into the biology of many tree hostdisease/pest systems has given insights into the types of tree responses and mechanisms of resistance or low susceptibility (Telford et al., 2014) . However, the findings of much of this research have not been applied in British breeding programmes, nor in the field deployment of improved resistant trees. Generally this has been due to a lack of well-developed tree improvement programmes to support the translation of research findings into the development and delivery of resistant selections for the tree species. It may also be that resistance mechanisms are discovered but are not silviculturally relevant or applicable.
A literature survey evaluated the effectiveness of tree breeding research for disease and pest resistance, and classified four levels of breeding programme development (FAO, 2008) : status 1, large breeding programmes that resulted in operational planting of resistant material (seed-orchard seed or other propagule types); Status 2, large research or breeding programmes that have not yet resulted in operational planting; Status 3, large research or breeding programmes that identified genetic variation in resistance in genetic/provenance trials; Status 4, studies that identified genetic variation in resistance in small research seedling or clonal trials.
World-wide, the relatively few Status 1 programmes that have deployed trees with improved resistance have been in developed countries with substantial forest industries with the financial resources to support selection, testing and seed production of resistant genotypes. Examples of such programmes are: fusiform rust resistance programmes in Pinus taeda L. in the southeast US (e.g. Bridgwater et al., 2005; Resende et al., 2012a; Quesada et al., 2014) , Dothistroma needle blight resistance in P. radiata D.Don in New Zealand and Australia (Carson and Carson, 1989; Ivkovic et al., 2010) , blister rust resistance in white pine in western North America (e.g. Sniezko, 2006; King et al., 2010; Schoettle et al., 2014) and sitka spruce (Picea sitchensis (Bong.) Carr.) resistance to white pine weevil (Pissodes strobi Peck) in North America (e.g. King and Alfaro, 2009) .
Progress in understanding the complex relationships between tree host and pathogen/pest requires the assessment of variation in traits (including those for resistance) and their expression under different environments, at multiple levels: within individual trees, within a stand/forest and within an ecosystem (Robison, 2002) . It is evident from the other reviews in this edition Ennos, 2015; Telford et al., 2015) that field experiments are still very important to understanding relationships between genetic diversity and pest/pathogen resistance and resilience in trees. A major limiting factor in such research and the associated development of tree breeding programmes is the time and space required. Seed production may be erratic, some species have long dormancy periods, trees take years to reach sexual maturity, and mature trees rarely fit inside a growth chamber or glasshouse. The use of existing field trials is therefore variable and opportunistic. New technologies that may accelerate research and breeding programmes are therefore of great interest.
Advances in genomic technologies and massive reductions in DNA sequencing costs make it feasible to sequence and assemble the genomes of forestry trees (Neale and Kremer, 2011) . In general, this is easier for broadleaved species, which tend to have smaller genomes than conifers, although good progress has been made with some very large conifer genomes (see Table 1 ). Eventually it may become commonplace to associate patterns of tree genome variation to variations in tree susceptibility to pests and diseases (Kovalchuk et al., 2013; Quesada et al., 2014) . This should accelerate the identification and breeding of trees that have lower susceptibility to pests and diseases. It may also be possible to identify populations with suitable genomic variation that may be capable of evolving under the pressure of future pest and pathogen threats. The use of genomics may greatly reduce the time and space requirements of breeding programmes by selecting which trees to grow at the seedling stage, and which crosses to make (Grattapaglia and Resende, 2011; Resende et al., 2012b; Thavamanikumar et al., 2013) .
Genomic methods have been used to accelerate crop breeding, and may be especially valuable in trees, where conventional breeding programmes can take decades, due to both long generation and commercial rotation times. The application of genomic methods to crop breeding has been facilitated by the existence of classical breeding resources such as inbred lines, and many generations produced by controlled crosses. Such resources are not available for most forestry species. Due to these constraints, feasible solutions to threats from pests and pathogens in the immediate future may rely on opportunistic use of already-established field trials, enhanced by the use of genomic technologies. This review examines: (1) the use of field trials for pathogen and pest resistance in forest trees, (2) how field trials may support the application of genomic technologies to tree health issues, (3) the extent of the field trial resource in Britain, (4) issues that constrain the use and maintenance of field trials, (5) an outline of possible experimental designs, (6) the use of natural systems and (7) funding of long-term trials. This review excludes from its scope horticultural fruit trees, where approaches tend to be different, owing to the higher economic value per tree than forestry species.
Field trials for pathogen and pest resistance in forest trees
Trees take a long time to grow and there is rarely time to wait for new plantings to grow in responding to newly arrived pest or pathogen threats. Thus existing stands and field trials form an important experimental resource, even though they were not set up with a particular pest or pathogen in mind. Therefore, the use of field trials to study genetic variability in resistance tends to be opportunistic and reactive, rather than planned. Trials may be used to: (1) screen for resistance once a pathogen or pest has arrived, (2) estimate heritability and any genotype by environment interaction related to resistance and adaptive traits, (3) seek association of resistance or low susceptibility traits with genomic markers, (d) study the levels of genetic variation at loci that are putatively associated with resistance.
Screening material in the field for pest/pathogen resistance is a common first step in developing resistance for operational programmes. Such screening may start with identifying uninfected trees in heavily infected stands (e.g. blister rust in sugar pine, Kinloch and Davis, 1996 ; emerald ash borer infestation in N. America, Koch et al., 2012a) . Open pollinated seed may be collected from the uninfected trees and the progeny screened for segregation of resistance in newly established trials. Additionally, screening for resistance may also be carried out by taking seeds from selected genotypes of a production forestry breeding programme, sourced from areas not yet impacted by a disease/pest and planting out the resulting seedlings in infected areas (field sites) or artificially inoculating them in greenhouse or laboratory Gouker et al. (2013) , http://sra.dnanexus.com/studies/SRP003908 Forestry conditions. Such screening is sometimes implemented in two phases: (1) a screening of seedlings in greenhouse tests followed by, (2) field testing of the apparently resistant seedlings from the first phase. For example, in Pinus strobus L. open pollinated seedlings previously screened for major gene resistance (MGR) to blister rust in greenhouse tests were planted in a field trial and exposed to a virulent race (vcr1) of the pathogen, so that survivors had MGR plus at least one component of slow rusting resistance (SRR -a composite term for several independent mechanisms of partial resistance) (Kinloch et al., 2012) .A similar first cycle of selection and testing via inoculation used wind-pollinated seed from over 4200 parent trees of P. monticola Douglas ex D. Don and 360 of P. albicaulis Engelm., selected in the wild for blister rust resistance. Seedlings were assessed annually for up to 5 years for genetic variation in a range of resistance types, including number of needle lesions, type of needle spots (normal or hypersensitivelike response, HR), number of stem symptoms, type of stem symptoms (normal cankers or bark reactions), timing of stem symptom appearance and severity of infection (Kegley and Sniezko, 2004; Sniezko et al., 2012a) . Such understanding of the types of resistance and their mechanisms is needed to fully evaluate which approaches to screening and testing are effective. Artificial infestation techniques have been used to screen seedlings and grafted parental ramets for scale resistance in American beech, Fagus grandifolia Ehrh. and non-native European beech Fagus sylvatica L. (Koch et al., 2012b) . Trees selected in the field were grafted and the assay used to confirm field-assessed scale resistant phenotypes. Confirmed resistant genotypes were used to establish seed orchards to supply regionally adapted diseaseresistant beech seed for use in restoration, with significant improvement over unselected seed lots. For evaluation of disease resistance, reliable inoculation protocols are also essential. For example, in E. grandis W.Hill ex Maiden resistance to the rust (Puccinia psidii Winter) is controlled by one locus with major effect, Ppr-1, tightly linked to an RAPD marker (Zauza et al., 2012) . Controlled inoculations of families allowed the identification of a homozygous, rust-resistant mother tree, which was then used to obtain rust-resistant progenies, regardless of pollen source (Zauza et al., 2012) .
Although a range of short-term resistance screening methods have been used, laboratory bioassays may not accurately predict actual field-level resistance. Total reliance on short-term seedling assays may lead to over-or underestimation of the level and types of resistance or preclude use of some types of resistance. Screening methods have to be verified through field trials at a range of sites and environments suited to the pathogen and refined to improve resistance screening (e.g. Sniezko et al., 2012b; Hayden et al., 2013) . There may, however, be poor correlations with greenhouse results due to: (1) differences between artificial inoculation entry routes into the host in the greenhouse vs natural infection routes from vectors or wounds in field trials, (2) escape of susceptible individuals from infection in field trials, (3) difficulty in accurate assessment of infection status of large trees in the field, (4) simple presence-absence data collected in the field vs more precise damage measures in the greenhouse (Matheson et al., 2012) . Though field trials are the ultimate test to monitor the durability of resistance, it may be challenging to find sites of sufficient area with uniform inoculate levels and topography. Timing and frequency of field trial assessments vary to coincide with the appearance and development of infection, but regular and timely assessments of mortality may be limited by budgets, while other mortality agents may confound analysis. While existing trials may be used to screen for resistance when a pathogen or disease has infested an area, the approaches outlined above show that additional trials also tend to be required to screen for resistance.
How field trials may support the application of genomic technologies to tree health issues Genomic approaches are potentially of use for accelerating screening and breeding for resistance, but their development and use still require the availability of trees in a range of types of trial and conditions. The speed of advance in DNA sequencing is illustrated by the fact that sequencing the first tree genome (Populus trichocarpa Torr. & A.Gray) started in 2002, when sequencing 1 Mb (one million base pairs; Mb) of DNA cost roughly $3900, such that just the raw sequence data for the 500 Mb genome would have cost some $2 million (Tuskan et al., 2006) . Ten years later costs had fallen to just $0.07 Mb
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, making whole-genome sequencing routine and feasible even for single research groups, with a consequent proliferation of genome-sequencing projects. Table 1 shows genomesequencing projects for tree species of which the authors are aware. Improved methods of sequencing are constantly being developed, and costs are expected to continue to fall. Rapid expansion in knowledge of tree genomes, and the feasibility of projects that involve large-scale DNA sequencing offer great potential to understand and respond to tree health issues.
The quality of genome assemblies may be reflected in the length and number of contigs and scaffolds (assembled sequences of DNA) (Earl et al., 2011) , and the degree to which core genes (those expected in every eukaryotic genome) are covered (Parra et al., 2007) . The accurate assembly of genomes is made more difficult by heterozygosity within individuals, the levels of which are particularly high in trees compared with other plants. In conifers it may be possible to avoid the problem of heterozygosity by sequencing haploid tissue, which has a single genome copy (e.g. from seed, Neale et al., 2014) . Otherwise the ideal is to use an inbred line, although in trees these take generations to produce. Even a single generation of self-fertilization can help, potentially reducing heterozygosity by 50 per cent; an approach used in the Eucalyptus grandis reference genome sequence (Myburg et al., 2014) . However, in many outcrossing plants, typical of trees, selfing many not be possible due to a strong self-incompatibility mechanism. Even if selfing is practically possible, selfed trees of timber tree species are not usually available, as controlled self-pollinations are rarely made and the resultant progeny are of little commercial value, due to inbreeding depression, giving lower seed set, higher mortality and reduced growth compared with outcrossed material.
DNA sequencing data alone cannot currently produce contigs or scaffolds with lengths close to that of whole chromosomes. Whole chromosome assembly requires mapping data that may be produced from genome mapping of the relative location of genomewide marker loci (specific regions of the genome studied in many trees), sequenced by target enrichment methods (e.g. Agilent SureSelect, RAD sequencing). This results in DNA short sequence data that can be aligned and compared among multiple individuals at homologous loci (Mamanova et al., 2010; Cronn et al., 2012) , with the relative locations of loci inferred from their patterns of genetic linkage. With RAD methods, marker discovery and marker Enhancing resistance and resilience of British tree populations characterization in multiple individuals can be concurrent (Davey et al., 2011) , making this potentially suitable for tree species where little is known about patterns of genetic diversity. Genome mapping is easiest through use of a controlled cross between two known parent trees and hundreds of the resultant progeny. However, for many tree species, there are either no parent tree collections or no progeny from controlled crosses. Often the only feasible approach may be to make a map using the progeny (minimum of 200) of a half-sib family, where the mother is known (i.e. the tree seeds were collected from) but the father is unknown. The difficulties of genome mapping in tree species using genetic linkage mean that new physical mapping technologies (e.g. OpGen and BioNano Irys systems), which make maps based on very long DNA strands (Levy-Sakin and Ebenstein, 2013) , may be particularly valuable in tree genome research.
Sequencing the genome of a single tree can give preliminary information about the evolution and function of a genome by comparisons; (1) with annotated sequences from other plant genomes and (2) within the genome sequence, examining repetitive elements and duplicate genes (e.g. Tuskan et al., 2006; Nystedt et al., 2013; Myburg et al., 2014; Wegrzyn et al., 2014) . However, to identify associations between genomic sequences and phenotypic trait variations within a species (e.g. differences in pest/pathogen susceptibility) is not straightforward (Neale and Kremer, 2011) . Such genetic-trait associations require, at a minimum, 200 comparisons among trees of the same species at both phenotype and genotype levels (Hirschhorn and Daly, 2005) . In the future it may be feasible to sequence the whole genome of multiple trees for such studies, but this is currently prohibitively expensive, despite falling costs. More practical is the development and use of genome-wide markers (e.g. Mamanova et al., 2010; Davey et al., 2011; Cronn et al., 2012) .
The two major approaches for genetic marker-trait associations are linkage mapping, and linkage-disequilibrium (LD) mapping (Thumma et al., 2005) . Linkage mapping usually requires (at a minimum) controlled crosses between parents and analysis of their second-generation progeny, which in trees is prohibitively time-consuming unless such families exist from previous work. LD mapping is potentially more feasible for forest trees as it can use natural populations where trees are not closely related, relying on past recombination events within the population to have broken linkage groups of all but closely linked loci (Thumma et al., 2005) . LD is the non-independent inheritance of alleles at different sites: therefore, two loci in strong LD are frequently observed together within a population, often because they are physically close together on a chromosome and recombination seldom occurs between them. The efficacy of LD mapping is critically dependent on LD levels within the study population (Thumma et al., 2005; Plomion et al., 2014) . LD association mapping studies require a density of markers across the genome that maximize the probability that each locus associated with a trait is in strong LD with at least one of the markers (Pritchard and Przeworski, 2001 ). If LD is generally high in a population, a lower density of genetic marker is needed than if LD is low, and vice versa. A population of 186 unrelated Pinus pinaster Aiton trees selected for performance in natural forests in southwestern France showed weak LD on the basis of 2600 single-nucleotide polymorphisms (SNPs) (Plomion et al., 2014) ; this suggests that a much larger number of SNPs would be needed for accurate predictions of genetic -trait associations. This may be true for many tree species that have large, undomesticated, highly outcrossing populations.
A common application of LD mapping are genomewide association studies (GWAS), which essentially seeks genetic variants that tend to occur in individuals with a particular trait: these are likely to be genes responsible for that trait (Hirschhorn and Daly, 2005) . GWAS have had some success in identifying genes for human disease traits, where LD levels are relatively high, population structures extensively studied and funding available for very large sample sizes. However, even in humans GWAS have failed to identify loci responsible for a high percentage of the heritability of many traits (Lee et al., 2011) , perhaps because they deal poorly with nonadditive effects (pleiotropy and epistasis; Vilhjá lmsson and Nordborg, 2013) . In trees, lower levels of LD and funding may limit the success and applicability of GWAS.
There are two ways around the problems associated with GWAS of trees: (1) GWAS may be enhanced by taking account of gene expression levels. This method, known as association transcriptomics, has been successful for oil seed rape (Harper et al., 2012) , and is currently being used to seek the genetic basis of low susceptibility of Fraxinus excelsior to H. fraxineus (Ian Bancroft and Andrea Harper, personal communication). (2) LD mapping in a more targeted way through candidate genes, the success of which is highly dependent on prior availability of good candidate genes. The first candidate gene LD mapping study of a forest tree identified alleles in Eucalyptus nitens H. Deane & Maiden associated with microfibril angle, a wood quality trait, using 290 trees raised from open-pollinated families from natural populations and established in a field trial (Thumma et al., 2005) .
A completely different approach to discovering genes is to use time-point transcriptome, metabolome and/or proteome data to build hierarchical gene networks of an organism's temporal response to an environmental factor. Such a systems biology approach has been used to study the genes responding to nitrogen deprivation in Populus trichocarpa (Wei et al., 2013) , and white pine weevil resistance in Picea sitchensis (Hall et al., 2011) . Thus, gene expression may be compared in a tree affected by a pest or pathogen with that of a healthy tree, identifying differentially expressed genes. As gene expression is greatly affected by environment, time of day, tissue type, stress and other factors, great care is needed to ensure such factors are identical for each tree, and each genotype, treatment and sampling time is well replicated.
Use of linkage mapping, LD mapping or systems biology approaches to identify genetic loci associated with low susceptibility or resistance to pests or pathogens can lead to 'marker-assisted selection' breeding to bring together different resistance genes to provide enhanced resistance. The accumulation of different resistance loci may also provide pest/pathogen resistance that is more durable in the face of evolutionary changes in the pests or pathogens. Once such a cross has been made, screening by genetic markers can inform which progeny have the marker alleles of interest, so these can be grown on to reproductive maturity and progeny without the relevant marker alleles can be discarded. In this way a resistance breeding programme can be streamlined and accelerated.
Genomic selection is another approach pioneered in animal breeding (e.g. Hayes et al., 2009 ) and crop breeding (e.g. Heffner et al., 2009) . Genomic selection is a form of marker-assisted selection that uses thousands of genomewide markers to estimate the breeding value of individuals, rather than just a few markers linked Forestry to known candidate genes. It is particularly useful for highly polygenic, quantitative traits that are typical of the traits of interest to tree breeding programmes. The potential of genomic selection for forest tree improvement has been recognized (Grattapaglia and Resende, 2011; Denis and Bouvet, 2013; Thavamanikumar et al., 2013; Isik, 2014; Lin et al., 2014) with initial studies carried out on Loblolly pine (e.g. Isik et al., 2011; Resende et al., 2012a) and Eucalyptus spp. (Resende et al., 2012b; . Genomic selection requires accurate knowledge of pedigrees, at least to the extent of knowing both parents of each secondgeneration individual. In an attempt to circumvent this problem, the 'breeding without breeding' approach, which was developed for forest trees to allow field screening of much larger numbers of progeny without the costs of controlled pollinations and trial layouts, has latterly been used in applying genomic data (El-Kassaby et al., 2007 .
A combination of some of the above genomic approaches is currently making use of existing field trials to respond to the arrival of ash dieback (Hymenoscyphus fraxineus) in Britain. The ash genome is being sequenced, using both inbred (www.ashgenome.org) and reduced susceptibility material (http://nornex.org/ash-genome/), by a collaboration between Queen Mary University of London, Earth Trust (Little Wittenham, UK), The Genome Analysis Centre (Norwich, UK) and Eurofins (Ebersberg, Germany). The University of Edinburgh is developing genomewide markers using RAD sequencing and researchers at the University of York are using association transcriptomics, which combine genomic, phenotypic and gene expression level data into one analysis to identify genes for resistance in Danish ash progeny trials and ascertain their presence in British ash populations. Such uses of genomic technologies combined with field testing may help to accelerate the breeding of resistant native ash trees, as well as mark the way for future applications in other tree species for novel pests and pathogens.
Availability of suitable field trials and archives in Britain
Britain has considerable resources in terms of existing field trials (provenance and progeny) and living collections of both native and non-native tree species (see Tables 2 -4) . However, the extent of these resources varies tremendously from species to species and is dominated by species of economic importance: in particular, non-native conifers. Consequently, the extent to which existing trials and archives can meet the different demands that have been identified will vary and be opportunistic. In some cases, suitable materials will serendipitously be available, while in others there will be large gaps between the ideal and existing resources.
Within Britain, prior to the arrival of ash dieback, caused by Hymenoscyphus fraxineus, the only screening and breeding for pest and pathogen resistance in a native timber tree species was by East Malling Research (EMR) on wild cherry trees (Prunus avium L.), developed from earlier selections of cherry trees for fruit production (Santi et al., 2004) . Trees with desirable characters such as good vigour and form, and absence of/resistance to bacterial canker or cherry blackfly, were selected and three types of controlled crosses made: (1) both parents wild cherry (intraspecific); (2) one wild cherry parent and the other another cherry species (interspecific); (3) a normal diploid wild cherry crossed with a tetraploid cherry, to produce triploid seedlings. Grafted 'plus' trees selected from across Britain were also phenotypically assessed in the EMR field collection for vigour, form and resistance to pest and diseases (cherry blackfly, cherry leaf scorch, cherry leaf spot). The best were propagated and planted in replicated clonal trials (1992, 1995, 1999 and 2002) , with the later trials including seedling selections from the controlled crosses. The EMR site had grown sweet cherry for many decades and had a high disease inoculum, but results from artificial inoculations did not always correspond to field results (Kerr and Rose, 2004) .
In Britain, over the past few decades a large number of 'plus' trees have been selected for superior silvicultural/production characteristics: conifers by Forest Research (the Research Agency of the Forestry Commission) and broadleaves under the umbrella of the Future Trees Trust (formerly the British and Irish Hardwoods Improvement Programme). These 'plus trees' are a large resource that usually samples a large proportion of the geographic range, and probably genetic variation, within the British Isles (summarized in Table 2 ), and which can be used in screening for susceptibility to novel pest and pathogens, via the approaches identified above. It would also be feasible to pre-screen such materials prior to the arrival of a pest/pathogen in Britain by sending seed abroad to raise in field trials and test the extent and nature of resistance/susceptibility. While much of the plus tree material is conserved in clonal archives or seed orchards, difficulties in some species of vegetative propagation or irregularity of seeding mean that use of the selected material for screening will not always be straight forward.
Determining the genetic basis and mode of inheritance of disease resistance is an essential step to obtaining diseaseresistant plant material for a breeding programme. Screening and associated breeding strategies vary according to the resistance inheritance model. Providing heritability estimates requires Enhancing resistance and resilience of British tree populations field trials where the extent to which variation in disease/pest resistance is heritable can be assessed as well as other adaptive traits. Molecular marker approaches for screening are useful for resistance programmes when candidate genes have been identified, but also require field validation with large full or half-sib family arrays, although the cost of field trials can militate against that. As Table 3 shows, while there are useful conifer field trials, Britain is poorly resourced for existing trials of native broadleaves that would be suitable for deriving heritability estimates. In broadleaves with the exception of ash, there is no selfed material, nor are there generally large numbers of progeny arrays. In conifers there are better materials available, as haploid tissue can be easily accessed and for Sitka spruce (Picea sitchensis), field tests of secondgeneration selections involve some 500 full-sib families (30 hectares of field trials). Progeny trials have also often been thinned of poorly performing trees for use as seed orchards, so their suitability as mapping populations is limited with the reductions in family size, as is their suitability for estimating heritabilities of resistance based traits. There is no suitable trial material from intraspecific crosses that would allow assessment of the breakdown or build-up of co-evolved complexes with respect to resistance and resilience, although the limited evidence to date suggests that such outbreeding depression occurs in trees over distances of hundreds of kilometres (e.g. Hardner et al., 1998) , related to natural disjunctions in distributions (e.g. Boshier and Billingham, 2000) or over shorter distances due to large climatic differences (e.g. frost tolerance on an altitude gradient, Goto et al., 2011) . The long-term nature and extensive sampling of the natural range of a species means that often overlooked forestry provenance trials (Langlet, 1971) are proving invaluable as a research resource for tackling a range of other issues for which they were not originally envisaged, including pests and pathogens. Provenance trials have been useful in showing differences in chemicals (e.g. phenolics) related to palatability differences across provenances. Existing provenance trials could be used in this context to aid in studies related to pest resistance. Provenance trials have also provided information on relationships between phenology of flushing, latitude of origin and the quantitative control or plasticity of this relationship. This feeds into work on the genetic dissection of phenological traits which is likely to progress through two complementary approaches: (1) identification of quantitative trait loci (QTLs) involved in the timing of bud burst and cessation of growth, (2) search for gene-trait association by joint analysis of SNPs and traits variability in natural populations. More recently, longestablished provenance trials, particularly under the auspices of IUFRO, have shown further versatility to address issues of longer term adaptation to climate change of tree growth (Schmidtling, 1994; Mátyás, 1996) and associated insect-host relationships (e.g. Sinclair et al., 2012) .
A review of results from provenance trials of native tree species (Worrell 1992) showed that British material tends to be adapted to British conditions, whereas material introduced from continental Europe often suffers from the late spring frosts that typify the British climate. Table 4 shows the extent of the large resource of provenance trials within Britain. These trials offer wide possibilities for studies associated with pathogens and pests. Assessments (e.g. growth, form, phenology) of different provenances at a common site can be used to map genetically determined adaptive trait variation onto the variation among sites of origin for key environmental variables, e.g. temperature, frost-free days etc. Performance in provenance tests can be interpreted using regression models that relate growth to environmental variables. Analysis of combined provenance growth variables at each site can identify the climatic and ecological factors that best explain patterns of local adaptation. Closer examination of Table 4 shows some limitations to this resource. As Ennos et al. (1998) noted, for some species little is known about the extent of adaptive variation within Britain, due to limited sampling of those species across their British range. Some provenance trials have extensive collections across the European range of the species, but only two or three British populations, whereas provenance trials for other species may sample extensively from Britain, but have few continental comparisons (Table 4) . Hence a recent study of the effects of oak provenance on a community of gall-forming herbivores used a provenance trial in France as the range of provenances was much greater than in the British oak trials, offering greater potential for the detection of a signal of provenance-induced differences (Sinclair et al., 2012) . The number of sites or ecological range of sites over which the same trial is established may also limit their use.
Other types of field trials that could potentially be useful (directly or in the supply of material) in screening for and understanding Enhancing resistance and resilience of British tree populations resistance are clonal seed orchards, which exist for a number of species (e.g. ash, cherry) and archives such as that held by the East Malling Trust. There is also a possible role for arboreta given the high species diversity and the presence of many non-natives that are closely related to our native trees, although detailed studies would be limited by the small number of individuals per species. An extensive catalogue of non-native tree species collections in the British Isles was compiled by MacDonald et al. (1957) , and the Plant Heritage National Plant Collection scheme maintains a catalogue of extensive UK collections of species and cultivars of different plant genera, including most tree genera. One outstanding collection comprises the 0.1 ha 'Forest Plots' established from 1929 at Bedgebury Pinetum, which were set up to compare, under normal forest conditions, the growth of some uncommon species, both conifers and broadleaved. Such collections offer opportunities for investigating whether or not exotic species react similarly to the same pathogen in Britain, as they do in their native habitat.
The serendipitous existence of a range of field trial resources is exemplified by their use in response to the threat from ash dieback in Britain. Selfed material (Fraxigen, 2005) is being used in genome sequencing, while materials from a Realising Ash's Potential (RAP) provenance trial will allow comparison with genomes from across the native range of F. excelsior. The Living Ash Project (http:// livingashproject.org.uk) is using seed from existing progeny trials to screen for resistance in plantings both in Britain and in Denmark, while archives of selected plus trees will eventually be screened for genomic markers identified by the NORNEX consortium as associated with resistance to H. fraxineus (http://nornex.org).
Despite the acceleration that genomic technologies may provide for the breeding of British trees resistant to particular pests and pathogens, the process may still take many years, and the genes that would make a tree completely or highly resistant to a particular pathogen may simply not be present in British populations. Thus, it may sometimes be necessary to look outside of Britain for the genomic resources to produce resistant trees, especially for exotic pests and pathogens. This is because natural selection of exotic species has led to stable co-existence with the pests and pathogens found in their geographical ranges. For example, the bronze birch borer is a common pest in the US, which has not yet reached Britain. In North America, 20-year studies have shown that British and European birches are much more susceptible to the bronze birch borer than American birch species (Nielsen et al., 2011) . Similarly, Asian species of ash (Fraxinus mandshurica Rupr., F. chinensis ssp. rhynchophylla (Hance) E. Murray) appear to be resistant to the Asian emerald ash borer (Dian et al., 2010) , whereas in North America, where the borer was introduced, native species are susceptible (Liu et al., 2007; Rebek et al., 2008) . If Asian ash trees are resistant to H. fraxineus, and emerald ash borer, which is currently progressing west across Europe from Russia (Straw et al., 2013) , perhaps Asian ash species could be tested as possible replacements for the native ash species. Such an approach is not without its associated risks, in term of local adaptation and the accidental importation of other pests and pathogens (see Ennos, 2014) .
Identifying the genes that confer resistance in exotic species might allow for the movement of these genes into native species either by hybridization and back-crossing, or by cis-genetic methods (genetic engineering to move genes between species within a genus). The use of exotic genetic resources to build resistance into a native species is exemplified by the breeding of American chestnuts (Castanea dentata (Marsh.) Borkh.) to resist chestnut blight caused by Cryphonectria parasitica (Murrill) Barr. This fungus, imported accidentally from Asia devastated vast populations of American chestnut in the eastern US in the early twentieth century. Chinese chestnut (C. mollissima Blume) is resistant to chestnut blight. Over the past 30 years, hybridization of the Chinese and American chestnut, followed by back-crossing to American chestnuts, has produced a tree resistant to blight that is 94 per cent American in its genome (Hebard, 2012) . Currently this programme is being enhanced by genome sequencing of both species, and experimentation with cis-genetic approaches that move genes between the two species and do not require conventional hybridization and back-crossing techniques. Obviously such work requires a long-term commitment of resources.
Genomic technologies may help in identifying genes in related species that confer resistance. This may be through LD mapping or transcriptomic studies in foreign species. An alternative approach may be through phylogenomic studies that sequence thousands of genes or genome-wide markers in all the species of a genus, and building a phylogenetic tree for each gene or marker. Many of these will match the family tree of the species, but many will not, allowing a search for genetic variants that are associated with resistance among the different species, identifying these as candidate genes for resistance traits. Such a study is now underway in the genus Fraxinus at Queen Mary University of London in collaboration with Forest Research and the US Forest Service, seeking the genetic basis of low susceptibility to ash dieback and the emerald ash borer.
Issues that constrain the use and maintenance of field trials
Well maintained existing field trials may provide a tremendous resource, but may also be constrained in their ability to say much about resistance. These constraints may lie in both the original objectives for which they were established, usually identification of the best seed sources for commercial planting and in the limited sampling of a species' natural distribution that went into the seed sources that make up the trial. As mentioned above, many commercial approaches to screening for resistance are highly targeted and utilitarian. They may look at resistance in a limited number of selected clones or families, but this says nothing about how resistance may be distributed across a species and what sort of traits to look for that relate to resistance. A better understanding of the population genetic structure of both trees and pathogens is needed to determine the role of pathogen and host variability in disease resistance that is targeted by breeding strategies, and a more accurate and detailed assessment of the adaptive potential of populations. Currently, most of what is known about genetic diversity in native British trees is based on low numbers of neutral genetic markers. Genomic techniques offer possibilities to survey diversity of genomewide markers (coding and non-coding regions) in populations of native British trees across both Britain and continental Europe. This would identify how much of the diversity of a species is present in British populations, as well as populations with particularly high variability in their genomes that may confer greater general resilience to future pest and pathogens.
Forestry
Just as there may be problems in correlating greenhouse results with those from field trials, the establishment of field trials in plantation conditions may limit the ability to understand about resistance in more natural conditions. Provenance and progeny trials study production variables that are of importance to commercial forestry, but not necessarily fitness-related traits. Selection for production in conventional forestry trials is under open-field conditions and usually based on high growth rates, good form and timber quality. In contrast, successful ecological restoration or enrichment of an existing wood requires trees with good reproductive vigour, seed and seedling survival, the ability to compete with other species and adaptive capacity in the face of long-term change. As such, traditional forestry field trials may have limitations in providing information on adaptive variation. There is scope for field trials that mimic natural regeneration by establishment in a wood, at close spacing to encourage early competition, and with minimal intervention (e.g. little or no weeding). Subjecting the plants to more natural conditions than in typical forestry field trials allows the study of responses to natural processes within the environment at each site, including competition with the native flora (Boshier and Stewart, 2005) . Such limitations are important as interest grows in the management and restoration of more diverse woodlands, where both planting and natural regeneration are involved and where the context of the study of pest and pathogen resistance may be very different.
Outline of possible experimental designs
Given the constraints of working with tree species, what experimental designs are likely to yield the most insights into the basis of pest and pathogen susceptibility? As identified above, for studying the resistance capacity of British populations, information is required on variation across the distribution of a species (among family and among population variance) for quantitative traits. Generally for provenance trials seed collections from multiple trees at one site are bulked to provide a mean 'population' value for traits of interest. Thus, traditional provenance trials fail to distinguish two vital layers of information: (a) family-level variability, which provides the necessary data for evaluating genetic variance of quantitative traits within populations and (b) half-sibling identity, which allows mating systems and gene flow analyses. Lack of within-population information may also impede the implementation of LD mapping or genomic selection. The ideal design should preserve family-level data for each seedling to inform about withinpopulation variation. In genetic variation and population structure studies of tree species, it is common to sample intensively within relatively few sites. While this gives detailed information about a few populations, it is too coarse-grained to provide an adequate picture of adaptation or gene flow at a landscape level. Tree species, particularly wind-pollinated species, show highly effective gene dispersal with gene flow at a landscape scale, as seen in studies of nuclear marker population differentiation at a wide geographic scale (e.g. Zanetto and Kremer, 1995; Heuertz et al., 2004) and fine-scale paternity analysis across fragmented stands (e.g. Lander et al., 2011) .
A new approach has been successfully pioneered in seedling provenance/progeny trials of Pinus sylvestris L. within its native range in Scotland to estimate genetic variance within populations, genetic differentiation between populations and landscape adaptation patterns for a range of phenological and fitness traits, as well as measures of gene flow across the landscape (Salmela et al., 2011 (Salmela et al., , 2013 . Within-population sampling is reduced to around four maternal families per population, allowing much greater numbers of populations to be targeted across the full landscape in a variety of habitat contexts from forest to urban, with the only limitation being that source trees should occupy sites with some potential for recruitment. Figure 1 shows an example where four trees are sampled from each of 30 sites across Britain, split by latitude into three regions (10 sites per region). Sufficient seed is collected from each tree to raise 60 seedlings (20 seedlings in each of 3 trial sites). Continental provenance may also be used for comparisons (5×20 in Figure 1 example) . Seedlings from these provenance/progeny trials can be studied first as greenhouse or nursery trials and subsequently as planted field trials.
Natural systems
Approaches and products of selection and screening for resistance from tree breeding can be applied to restoration of semi-natural or natural woodlands affected by exotic pests and diseases. For example, sudden oak death resulting from the introduced pathogen Phytophthora ramorum Werres et al. Although an ecologically keystone species, tanoaks were little studied before the arrival of sudden oak death, meaning that there was little information or germplasm from which to develop a disease resistance programme. Open-pollinated tanoak seed were collected from trees in different populations and evaluated for variations in growth and morphology (nursery), neutral genetic markers and quantitative resistance to laboratory inoculations. Simultaneously, a field trial was established to validate and expand laboratory observations of the same families, under natural disease pressures. This led to a significant increase in understanding of tanoak phylogeography and population genetics, discovery of heritable quantitative resistance in the lab and potential links between morphology and disease resistance in the lab and field (Hayden et al., 2012 (Hayden et al., , 2013 .
As this review has identified, much of the research and response to diseases and pests is reactive, moving from one threat to the next and led by relevance to production forestry. Thus there may be species for which no response is felt justified, as the species is not commonly planted or has little economic value. For such species an approach that stresses resilience within natural/seminatural woodland may be more realistic. With new pests and diseases becoming more prevalent, and appearing faster than previously, combining multiple defence traits to fight against the wide range of potential problems may be the best. This may require trying to find where 'cross resistance' is present, a best guess of what pests or pathogens could appear, and then combining various resistance mechanisms. All this suggests the need to better understand the relationships between tree and pest/pathogen genetic diversity. Studying natural systems offers the possibility of testing whether species diversity of woodlands influences selection pressures for pathogen/pest resistance and at what point the shift is made for within species selection pressure rather than species competition (Ennos, 2014) . There is also a need to study whether and what types of timely management can reduce stress and improve resilience within a wood.
Enhancing resistance and resilience of British tree populations With these types of issue in mind, the Evoltree consortium established a European network of sites for long-term research on the evolution of biodiversity at different hierarchical levels (from genes to phenotypes, from populations to community; Kremer et al., 2011) . The five Intensive Study Sites (ISS) cover boreal, temperate, Mediterranean, alpine and riparian ecosystems, as well as one untouched ecosystem and one intensively managed site. They are large-scale ecosystem plots (a few thousands of hectares) where trees and selected associated species are mapped, genotyped and phenotyped. The sites comprise entire portions of landscapes (agricultural land and woodlands) where trees are present in different configurations (from single trees to edges and woods). The aim is to: (1) assess the spatial structure of biodiversity at various scales and at different hierarchical levels; (2) monitor the population dynamics through demographic and genetic approaches, in trees and their associated species, over different spatial scales; (3) monitor the interaction between species (trees, other plants, vertebrates, insects and microorganism); (4) provide a large-scale support for training, education and dissemination activities .
For example, in the Solling ISS (Lower Saxony, Germany) contrasting site types were associated with different environmental characteristics of both pure and mixed stands of target species spruce and beech. Determination of the relationship between beech genotype (at enzyme loci) and infestation by beech scale (which facilitates the entrance of fungi that cause beech bark disease) led to hypotheses about the role of inherited enzyme variants in infection.
It is noticeable that none of the Evoltree ISS are located in Britain. However, within Britain there are a number of woodland sites for which long-term monitoring data exists. Most notably Wytham Woods in Oxfordshire, where a network of permanent sample plots established in 1974 have shown large changes in canopy composition (Kirby, 2011) . Typically these sites have been the focus for long-term ecological change, but not studies of associated plant genetic diversity. Thus the James Hutton Institute has followed plots of birch colonization on heather moorland from the 1970s (MOORCO, e.g. Mitchell et al., 2012) . The plots are used to investigate a range of ecological questions including: the role of naturally colonizing birch as an ecosystem engineer, the main drivers of change from birch colonization (shade, nutrient additions, leaf litter, gap creation etc.), the wider impacts of natural tree regeneration on biodiversity and ecosystem function, and the implications of tree colonization for biodiversity and ecosystem services in light of Scottish Governments target to increase woodland cover from 17 to 25 per cent. Other woodland sites in Britain have long-term monitoring and associated datasets, in particular: Denny Wood (New Forest), Monks Wood (Cambs), Lady Park Wood (Wye Valley), Inchcailloch (Loch Lomond), Black Wood of Rannoch (Morecroft et al., 1999) . Such sites would appear to present good opportunities to study the relationships of tree and pathogen/pest diversity and their implications for resilience Ennos, 2015) . (Ennos and Cavers, 2015) .
Forestry

Politics and funding long-term trials
Despite the clear and often unexpected benefits of long-term field trials and genetic archives, funding the on-going maintenance of such trials has traditionally been problematic and increasingly difficult to fit into current funding models. So, for example, the cherry trials shown in Table 3 were cut down when external funding finished and are thus no longer available as a resource to contribute to any studies that might be needed. Forest tree field trials may be perceived as expensive to establish and maintain. Short-term funding promotes short-term studies in the greenhouse/nursery and their subsequent abandonment or haphazard volunteer attempts to find somewhere to plant them. Current 3-to 5-year funding cycles do not fit well with a complete phase of extensive, range-wide seed collections, nursery and field establishment, particularly for species that have only periodic seed production. However, costs are not as high as often thought, particularly in comparison to other areas of resistance research and once a trial has occupied a site, costs are minimal. As is evident from this review such trials continue to provide research opportunities, both expected and unexpected for decades to come. To provide these diverse opportunities trials need to be well planned and robust. In this context the importance of good sampling and seed collection cannot be overstated, even though they may add on up to 50 per cent to the costs of a trial -though that proportion reduces as the number of trial sites established increases.
The Ecological Continuity Trust (ECT) was formed to raise the profile and funding to assist the continuation of established longterm ecological field trials. Notably the Park Grass experiment at Rothamsted which was established in 1856 is even more valuable now than in its early years, as both a research facility and an archive of soil and plant samples which give a unique record of long-term environmental change (Silvertown et al., 2006) . That value, as with many long-established provenance trials, lies not in its original aims but in the robust nature of its original design and the longterm monitoring. The experiment was originally designed to answer agricultural questions but has proved invaluable for studying natural selection and biodiversity. The treatments under study were found to be affecting the botanical make-up of the plots and the ecology of the field. Over its history, Park Grass has demonstrated that conventional field trials probably underestimate threats to plant biodiversity from long-term changes, such as soil acidification, shown how plant species richness, biomass and pH are related, demonstrated that competition between plants can make the effects of climatic variation on communities more extreme, provided one of the first demonstrations of local evolutionary change under different selection pressures. It is notable, however, that only one of the woodlands identified above as offering potential for genetic resilience studies is featured within the ECT's priority sites.
If long-term experiments are so important, why are public bodies so unwilling to support them? Probably, long-term funding is difficult to guarantee, as public bodies do not feel entitled to commit their successors to financial obligations over decades. Public funding for science is dominated by what is the latest technology or cutting edge and tends to have a relatively short time-frame, with most research grants lasting no more than 3 years. As this review shows, new genomic technologies have great potential to accelerate research and breeding programmes for resistance and resilience of trees to novel pests and pathogens. However, application of such cutting edge science that uses the latest technologies still depends on properly designed and managed long-term experiments that can continue to produce invaluable resources and results for decades.
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